ABSTRACT: In addition to Crassostrea gigas, Mikrocytos mackini Farley 1988, a pathogenic intracellular protistan of unknown taxonomic affiliations, produces disease and mortalities in other species of economically important oysters (Crassostrea virginica, Ostrea edulis and Ostrea conchaphila). Preliminary evidence suggests that these alternate species may be more susceptible to infection and the resulting disease than the usual host C. gigas. M. mackin1 ~solated from C. vlrginica and 0. edulis were infective for oysters. Warm temperatures (above 15°C) prevented the development of M. mackini in C. gigas, C. virginica and 0. edulis.
INTRODUCTION
In British Columbia, Canada, Denman Island disease, caused by Mikrocytos mackini (Farley et al. 1988) , can account for about 30% mortality in marketsized Crassostrea gigas (Pacific oysters) on certain beaches in the spring of some years (Bower 1988) . M. mackini is a tiny protistan (about 2 pm in diameter) of unknown taxonomic affiliations that inhabits the vesicular connective tissue cells of its host. Infection with this parasite often results in the development of greenish coloured lesions (pustules, up to 1 cm in diameter) in the oyster tissues, and the parasite can be transmitted directly between oysters. To date, all infected oysters obtained from the field were either collected off a beach or, if from hanging culture, had been held on the beach during the spring months. Thus, natural transmission is known to occur on certain beaches in British Columbia but transmission between oysters being cultured only via suspension techniques has not yet been verified.
Prior to this study, Mikrocytos mackini was only known in Crassostrea gigas from British Columbia. Because C. gigas is an important species to shellfish aquaculture in many countries around the world, concern was raised about the potential risks involved with the inadvertent introduction of this parasite to other countries in conjunction with global transfers of C. gigas. Thus, it was important to ascertain the susceptibility of other species of oysters to this parasite and the disease it causes.
Although Mikrocytos mackini could be transmitted between Crassostrea gigas by cohabitation in the laboratory and by incubation in a slurry of homogenized diseased oysters (Quayle 1961), these methods of exposure are unreliable for testing the host specificity of M. rnackini. It is in~possible to determine if each oyster used in the experiment had been exposed (or remained closed for the exposure period) and if the extent of exposure was similar for all exposed oysters. Also, these methods of exposure usually had a long prepatent period (3 to 6 mo) and resulted in preval e n c e~ of infection less than 50% among exposed oysters. Recently, techniques were developed to isolate viable and infective M. mackini from heavily infected oysters dying from Denman Island disease and the parasite could reliably be transmitted between C. gigas by inoculation of the isolate into the adductor muscle of uninfected oysters (Hervio et al. 1996) .
In the present study, inoculat~on of Mikrocytos mackini isolates was used to assess the infectivity of M. mackini to other economically important species of oysters currently available in British Columbia. This procedure was also used to determine if M. mackini isolated from alternate species of oysters were infective and if warm temperatures impeded the development of M. mackini in alternate species as in the usual host, Crassostrea gigas. In addition to this artificial mechanism of assessing susceptibility, results were confirmed by exposing the various species of oysters to natural transmission in the environment.
MATERIALS AND METHODS
Oysters. Large Crassostrea gigas [122.2 & 25 .0 mm (mean * standard deviation) in shell length, n = 213, and over 2 yr of age], small C. gigas (59.3 + 8.9 mm i.n shell length, n = 59 at 8.5 mo and 64.3 + 8.9 mm, n = 43 at 12 mo of age), Crassostrea virginica (eastern oysters, 75.1 + 11.5 mm in shell length, n = 186), Ostrea edulis (flat oysters, 79.1 k 8.7 mm in shell length, n = 160), and Ostrea conchaphila (the only species of oyster indigenous to British Columbia, 41.8 + 5.2 mm in shell length, n = 67) were obtained from various locations in southern British Columbia. Oysters that were not used in experiments within 2 wk of collection were held in lantern nets suspended in Departure Bay, Nanaimo, British Columbia. The holding period varied between 14 and 24 mo for the large C. gigas and was less than 5 rno for all other species including the small C, gigas.
In the laboratory, groups of 60 or fewer oysters were held in 50 l tanks supplied with flowing seawater (2 to 4 1 min-') of ambient salinity (28 to 30 parts per thousand) and temperatures of about 10°C unless otherwise indicated. Experimentally exposed and control oysters were always held in separate tanks. In the laboratory, oysters were examined for mortalities and fed 5 times per week with a variety of cultured algae [i.e. each tank received about 2 l containing about 6 X 10' cells ml-' of Chaetoceros gracilis (clone NRC 108) Crassostrea gigas stocks cultured in British Columbia, the isolates used in these studies had been maintained in the laboratory for up to 2 yr by passage (inoculat~on) between C. gigas every 6 to 8 wk with passage to other species of oysters for experimental purposes. The parasite was isolated from experimentally infected oysters as described previously (Hervio et al. 1996) . Briefly, labial palps and adductor muscle from heavily lnfected oysters were excised, rinsed in filtered seawater (FSW at 0.22 pm) supplemented with l % Tween 80 (FSWT), homogenized, sieved successively through 200, 100, 60, and 20 pm nylon meshes and centrifuged for 30 min at 2000 X g. The resulting pellet was either:
(1) washed twice in FSW (resuspension followed by centrifugation) to remove the Tween; or (2) Oysters exposed to Mikrocytos mackini by inoculation and control oysters, inoculated with an equivalent volume of FSW, were prepared for inoculation by mechanically grinding the edge of both valves at the level of the adductor muscle to make a small aperture into the mantle cavity. To relax the adductor muscle to facilitate inoculation, these oysters were immersed in an anesthetic solution of 7 % magnesium chloride hexahydrate (MgC12.6H20) in seawater for 3 to 5 h prior to inoculation. All oysters were inoculated into the adductor muscle using a 25 gauge 1'4 'inch' needle. Each oyster received 0.2 m1 of the paraslte suspension or FSW, except for the small Crassostrea gigas and the Ostrea concaphila that received only 0.05 m1 due to their small size. Oysters receiving a similar inoculum were grouped into 1 tank as described above. Oysters were monitored daily and weak or dead individuals were removed and examined for M. mackini (method described below). Surviving oysters were examined between 49 and 91 d after inoculation. In order to determine if warm temperature impedes the development of Denman Island disease in inoculated oysters as it does in oysters exposed by incubation in a homogenate from infected oysters (bath exposure) (Hervio et al. 19961 , a prel.iminary experiment was conducted with large Crassostrea gigas. Oysters receiving a similar inoculum were divided into 2 groups. One group (n = 20) was incubated at 10.0 + l.O°C and the other group (n = 38) was incubated at 17.9 * O.l°C. During the third month of incuba.tion, all oysters held at the cold temperature and 19 oysters from the group at the warm temperature were examined for Mikrocytos mackini. All remaining oysters (n = 19) held at the warm temperature were then transferred to 10.2 + 0.7"C for an additional 84 d of incubation prior to examination for M. rnack~ni. Controls (n = 13) were maintained as for the oysters that were initially incubated at the warm temperature and then transferred to the cold temperature.
The effect of incubation at a warm temperature on the development of Denman Island disease in other species of oysters was also tested. Replicate groups of inoculated and control Ostrea edulis, Crassostrea virginica and large C. gigas were incubated in cold (9.2 * 2.0°C) or warm seawater (17.9 + 0.5"C). Oysters were maintained and monitored as in other laboratory experiments and surviving oysters were examined between 51 and 59 d after inoculation.
For all laboratory experiments, all oysters were examined for Mikrocytos mackini using stained tissue imprints of the adductor muscle, palps and/or mantle as described by Hervio et al. (1996) . The intensity of infection (as defined by Margolis et al. 1982) was qualitatively evaluated from the number of M. mackini observed in oyster tissue imprints. A heavy intensity was assigned to oysters with more than 5 M. mackini per field (200 pm in diameter at lOOOx magnification). All other oysters with M. mackini were considered to be lightly infected.
Transmission by field exposure. A more natural field challenge was accomplished by holding oysters on a beach, where Mikrocytos rnackini is enzootic, during the spring when transmission occurs. On March 11, 1993, 15 small Crassostrea gigas, 15 large C. gigas, 15 C. virginica, 15 Ostrea edulis, and 15 0. concaphila were placed in each of 5 plastic perforated trays (Nestier trays, 56 cm square and 5 cm high) and covered with plastic predator mesh. A sixth covered tray contained oysters as for the other trays but lacked the 15 0 . concaphila. The 6 trays were distributed at 30 m intervals along the beach in Henry Bay (Denman Island, British Columbia) at the 0.75 m tide level where the disease was first encountered in 1960 (Quayle 1961 , Bower 1988 . The oysters were left on the beach from March 11 to June 3, 1993. At monthly intervals, each tray was checked and mortalities recorded. On April 8, 1993, 78 resident C. gigas in Henry Bay at the 0.6 to the 0.9 m tide level were collected and examined for M. rnackini. On June 3, 1993, the 6 trays were returned to the laboratory. All remaining oysters from each tray were placed in separate 50 l tanks and maintained at about 10°C as for oysters in the inoculation experiments. Control oysters were kept in the laboratory at about 10°C for the duration of the experiment (field exposure and laboratory incubation period).
On September 16, 1993, surviving oysters were examined for the presence of Mikrocytos rnackini. Because examination of histological sections is more sensitive for detecting naturally acquired infections of M. rnackini in oysters with lesions (Hervio et al. 1996) , all oysters with lesions (focal green pustules characteristic of Denman Island disease), all small Crassostrea gigas and all Ostrea concaphila that were too small for the detection of lesions were examined histologically as described by Hervio et al. (1996) . The other oysters were examined by the tissue imprint technique as described for the inoculation experiments because this technique was shown to be more sensitive when no lesions are observed (Hervio et al. 1996) .
RESULTS

Transmission by inoculation
All 4 species of oysters were susceptible to Mikrocytos mackini that was isolated from Crassostrea gigas, and M. nlackini from both C. virginica and Ostrea edulis were infective to exposed oysters (Table 1) . In all 4 laboratory experiments reported in Table 1 , the prevalence of infection in C. virginica and 0. edulis (from 89 to 100%) was greater than in the usual host, C. gigas (from 47 to 66% regardless of size/age), regardless of the oyster species from which the inoculum originated and the relative number of M. mackini inoculated. The same trend occurred for the percentage of oysters that was found moribund during the incubation period and for the percentage of heavily infected oysters. In Expt 2 (Table l) , 0, concaphila also had a greater prevalence of infection (96%) than C. gigas of similar size (48%) despite the extra 9 d that the infection had to develop in the C. gigas. The same trend occurred for the percentage of moribund oysters found (89 versus 17%) and for the percentage of oysters with a heavy intensity of infection (82 versus 28 ?G). Among all control groups, 1 large C. gigas, 1 C. virginica and 3 0. concaphila were infected with M.
mackini, indicating that the oysters had been exposed to this parasite in the field prior to setting up the experiment. However, in all cases, the prevalence of infection and the percentage of heavily infected oysters was considerably greater for the groups exposed by inoculation. The preliminary temperature experiment indicated that infections of Mikrocytos mackini did not develop in large inoculated Crassostrea gigas incubated at warm temperatures (about 18°C). Only 2 of 19 inoculated oysters incubated at this warm temperature for 74 d had infections which were barely detectable. However, all 20 inoculated oysters incubated at about 10°C for 7 1 d were infected and the intensity of infection in 15 of these oysters was heavy. Two of the 19 ~noculated oysters incubated at about 18°C for 74 d and transferred to about 10°C for a further 84 d of incubation had light infections, whereas none of the 13 controls treated in a similar fashion were infected.
Mikrocytos mackini was not detected in Crassostrea gigas, C. virginica or Ostrea edulis incubated at warm temperatures for about 55 d ( Table 2) . Unlike the 4 laboratory experiments reported in Table 1 , the prevalence of infection in oysters incubated at the cold temperature was similar for all 3 species of oysters (Table 2) . Nevertheless, the percentage of oysters that was found moribund during the incubation period and the percentage of heavily infected oysters was greatest for 0. edulis.
Transmission by field exposure
During the field a n d laboratory incubation periods of the field exposure experiment, 25 exposed oysters were either lost (n = 6), consumed by crabs (n = 8) or decomposed prior to exammation (n = 11) and were excluded from the analysis. The distribution of excluded oysters among the species and trays can be easily determined from Table 3 by comparing the number of oysters examined (value in parentheses) with 15 (the original number used for each sample). Four of the exposed oysters (1 Ostrea concaphila and 3 0. edulis) became moribund during the laboratory incubation period and all 4 were found to be infected with Mikrocytos mackini. Of the 410 exposed oysters, only 30 became infected with M. mackini and over half (19) came from 2 of the 6 trays ( Table 3 ) . However, infections were observed in a t least 6 % of all 4 species of oysters with 0, edulis and Crassostea virginica having the highest prevalences (12.4 and 10.0% respectively). Although all 30 infected oysters had lesions characteristic of Denman Island disease, only 9 (1 0. concaphila and 8 0. edulis) had heavy infections. Thirty-one other oysters representing all species had 
DISCUSSION
All species of oysters tested for susceptibility to Mikrocytos mackini became infected regardless of the method of challenge (i.e. by inoculation in the laboratory or by exposure to natural transmission in the field). In most experiments, the severity of infection was greater in species other than the usual host (Crassostrea gigas), suggesting that alternate species of oysters may be more susceptible to infection and the resulting disease. Also, because M. mackini from at least 2 of the alternate host species were infective, the threat posed to the culture of oysters in other regions of the world by accidental introduction of this pathogen warrants that precautions be taken when transplanting oysters from British Columbia. 
